Abstract
The development of a calorimeter that measures the power within an ultrasonic cleaning tank is presented. The principle involved is explained. Several types of calorimeter that were tested are described. Potential applications are suggested and illustrated with actual tests.
Summary
Measurement of the power in an ultrasonic cleaning tank permits comparing cleaners, monitoring performance, measuring distribution of power, and determining the effects of processing variables. No satisfactory method for this exists. Among approaches that have been advanced is the. measurement of the heat generated within a sensing device immersed in the tank.
The approach examined in this study utilized a polyethylene calorimeter. The ultrasonic power that enters the calorimeter is converted to heat. Because of the low thermal conductivity of polyethylene, the temperature of the calorimeter rises above that of the cleaning solution. The temperature difference is a measure of the power.
Polyethylene containers filled with the cleaning solution were first used but were unsatisfactory because, depending on wall thickness, either the temperature difference was too small or the response time was too long.
Solid polyethylene spheres or cylinders about 0.5 to 1 inch responded promptly and yielded useful temperature differences. These calorimeters were used to determine the time required to degas a fresh cleaning solution, the distribution of power with tanks, and the effect of cleaning fixture design and loading.
Discussion

Scope and Purpose
An instrument that will measure the ultrasonic power within an ultrasonic cleaning tank would be a valuable tool in the development and control of ultrasonic cteaning processes. A potentially simple approach is calorimetry, in which an energy-absorbing article is immersed in the solution and its temperature rise measured. This %method was selected for study.
Activity
The Contemplated calorimeter would operate on the principle that most of the ultrasonic energy introduced into an ultrasonic cleaning tank is converted in the tank to heat and that by measuring the heat the ultrasonic energy is also measured.
In conversalions with workers in the field, an idea arose that the measurement could be made by immersing a polyethylene bottle containing cleaning solution into an operating ultrasonic tank and, after a steady state is reached, comparing the temperature of the solution within the bottle to the temperature of the solution in the tank.
Because the speed of sound in polyethylene is similar to that in water, ultrasonic energy may pass through the bottle wall with little loss. The power in the bottle, then, will be about the same as that in the tank. The energy in the bottle degenerates into heat and, because the liquid in the bottle is confined and because polyethylene has a low coefficient of thermal conductivity, the liquid in the bottle is hotter than that in the tank. The temperature difference is a measure of the power in the tank.
A 250-mL, screw-cap, polyethylene bottle (Nalgene 21 03-0004) was selected for testing the idea (Figure 1 ). A thermocouple was inserted through a hole in the cap. Temperature uniformity of the contained liquid was maintained by manual stirring with a polyethylene paddle attached to a stainless steel wire that was inserted through a second hole. In running a test, the bottle was immersed i n the ultrasonic tank, filled with the liquid, and capped. A slow-turning propeller stirrer in a corner of the tank maintained temperature uniformity. The ultrasonic generator was turned on and the temperatures were monitored until a constant temperature difference was obtained.
A stable temperature difference developed within 3 to 5 min, but it was only a few degrees Fahrenheit, too small to discriminate between different conditions.
It was thought that the small temperature difference was due to the thin bottle wall (approximately 0.05 in.) not providing sufficient resistance to the heat flow. A thicker walled model was built (Figure 1 ). It was a hollow cylinder machined from Dow Grade 10062 polyethylene. The interior dimensions were 2 in. diameter and 2 in. height. The walls were 0.25 in. thick. The top was a threaded flat disc that when installed formed a flat top parallel to the bottom. The calorimeter was supported by a polyethylene rod that was threaded into a hole in the cap. A thermocouple and a manual stirrer were inserted through other holes.
Calorimetric runs were made in several heated, 5-gal ultrasonic cleaners that operated at different ultrasonic frequencies: 18,25 48, and 80 kHz. The expected larger temperature differences were obtained, ranging from 10 to 20" F, but up to 40 min was required to obtain a stable temperature difference. This suggested that ultrasonic energy was not readily passing through the walls.
The level of ultrasonic power within the calorimeter was estimated by inserting a piece of aluminum foil and making an ultrasonic run. The ultrasonic energy in a good ultrasonic cleaner will uniformly peen, even perforate, a piece of foil placed in the tank. The amount and distribution of these effects on the foil are qualitative measures of the power. The foils that: were in the calorimeter had no peening to slight peening and no perforation. Apparently, most of the Ultrasonic energy is dissipated in the walls of the calorimeter, forming heat which, in turn, heats the liquid within.
If, indeed, the energy dissipation and resultant heating occur in the walls, then the wall temperature rather than the temperature of the confined liquid is the valid measure of the ultrasonic energy and the calorimeter should be a solid piece rather than a container.
To test this, several solid calorimeters were made (Figure 1 ). The first was a 4 -in. diameter sphere. Three 1/32-in. holes -were drilled to different depths and into these were inserted miniature thermocouples. The calorimeter was supported by a 114411 polyethylene rod that at one end was turned down to 118th in. and threaded. This was screwed into a hole in the calorimeter.
As expected, the calorimeter was heated by the ultrasonics. it reached stable temperature differences of up to 48°F in approximately 3 min.
Because the calorimeter is spherical, the sound waves strike its surface at all angles from 90" to 0". At higher angles, increasing amoumts of the energy, rather than entering the calorimeter, may be reflected away and lost. To test this, three cylindrical models were made, 1 x 1, 3/4 x 314, and 112 x 1/2 in. diameter by height.
These were immersed with their axes vertical and their flat bases perpendicular to the ultrasonic energy propagating up the tank.
Calorimetric runs were made under several conditions. The temperature differences obtained with the spherical model were of the same magnitude as with the cylindrical ones, so there are no reflection losses. The temperatures at different depths in the spherical calorimeter were essentially the same and'it was concluded that a single measurement at the center of a calorimeter is sufficient.
The importance of a wetting agent in aiding the transfer of energy from the tank bottom into the liquid and from the liquid into the calorimeter was demonstrated with tests made in a 48-kHz cleaner. The spherical model with straight deionized water as the working liquid had a temperature difference of 17" to 18°F. After 1/2 volume Yo of a dishwashing liquid was added to the water, the difference increased to 29" to 35°F. In all of the foilowing runs made in water, the liquid in the tank was either water with a dishwashing liquid or was a water solution of a mild alkaline cleaner.
Surveys of ultrasonic energy distribution in cleaning tanks were made by measuring the temperature differences at various locations and depths. In an 18-kHz magnetostrictive model the difference was 34" to 36°F in the central volume and only 10" to 15°F at the sides. In 25-kHz and higher frequency units, which were electrostrictive models, there was little difference throughout. In a 25-kHz unit, the range was 19" to 25°F through most of the volume, only dropping to 16°F when the calorimeter was directly over the drain hole, a location where the power should be low.
Larger temperature differences were obtained at lower tank temperatures and smaller ones at higher temperatures.
The time required to degas the liquid is apparently frequency dependent. In an 18-kHz unit at 160°F with aerated detergent water in the tank, the temperature difference rose to 10°F in 3 to 4 min, held steady to about 7 min, and then rose to 37°F over the next 3 min. Presumably, degassing was occurring during the fourminute plateau. In 25-kHz and higher frequency units, also at approximately 160°F, the temperature difference rose to steady state in a few minutes without this stairstep. In tests run in stainless steel, Pyrex, and polyethylene beakers that were partially immersed in the tank and that contained the same liquid, the temperature differences were approximately the same as those measured directly in the tank.
There was a large decrease in the difference when a thick-walled polyethylene tank was immersed.
As a result of this study, the following conclusions can be made.
A solid polyethylene calorimeter yields a temperature difference that is a measure of the power in an ultrasonic cleaning tank. The temperature difference is also a function of frequency, bath temperature, processing liquid, cleaning fixture, and size of cleaning load. In any tests, these variables must be known, controlled, and reported.
The results can also be affected by the location of the calorimeter in the tank. The cleaners used in the reported tests were ones that experience showed to be of good design and quality and in good condition. Except for the 18-kHz model, the temperature differences were reasonably uniform throughout the tanks. This may not be true of all cleaners that are on the market.
Accomplishments
A calorimeter was developed that can be used to measure the power in an ultrasonic cleaning tank. It is simple and has a rapid response. It has sufficient sensitivity to measure the effects of operating variables upon ultrasonic power. It is effective in a variety of cleaning liquids.
